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Genetic evolution depends in part upon a balance between negative selection and environmentally driven mutation. To explore whether this
balance is affected by gene structure, we have used phylogenetic data mining to compare gene compositions across a range of species. Here we
show that genomes of higher species exhibit a greater frequency of 5′ CpG islands and of CpG→TpG/CpA transitions. This latter mutational
pattern exhibits a 5′-to-3′ trend in higher species, consistent with a length-dependent effect on methylation-dependent CpG suppression.
Associated strand asymmetry (TpG>CpA) declines with gene length, implying attenuation of transcription-coupled repair 3′ to introns. A sharp 3′
rise in coding region single-nucleotide polymorphism frequency further supports a mechanistic role for intron length in promoting genetic
variation by reducing repair and/or weakening negative selection. Consistent with this, the Ka/Ks ratio of 3′ exons exceeds that of centrally located
exons in intron-containing, but not in intronless, genes (p<0.0003). We conclude that the efficiency of transcription-coupled repair decreases with
gene length, suggesting in turn that 3′ gene evolution is accelerated both by introns and by gene methylation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Molecular evolution; Comparative genomics; CpG suppressionBiological complexity correlates well with gene duplication
frequency [1] but poorly with gene number per se [2], implying
that additional genetic factors modify the pace of genetic
evolution. Introns are widely assumed to be one such factor,
despite uncertainties concerning their early (exon shuffling) or
late (intron insertion) evolutionary origin [3]. In addition to
RNA splicing, introns are implicated in functions as diverse as
genetic recombination [4] and gene network multitasking [5].
However, the evolutionary impact of variations in intron
number, length, and base composition remains undefined.
A second key process modifying genetic evolution is DNA
methylation [6]. Enzymatic methylation of cytosines in CpG
dinucleotides clustered within gene promoters leads to tran-
scriptional repression and chromatin condensation, whereas
methylcytosine residues in coding regions may undergo
oxidative deamination to form thymine residues; if the
mismatch repair system fails to rectify these mutations, an
excess of CG→TA transitional mutations becomes a quantifi-⁎ Corresponding author. Fax: +852 2816 2863.
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doi:10.1016/j.ygeno.2006.06.017able hallmark of the foregoing methylation events [7]. This
interaction between methylation-dependent trans-repression
and mutation is in turn a driver of positive selection [8],
perhaps contributing to the nonrandom correlations between
codon structure and function that we have previously reported
[9,10]. Interspecies changes in genomic GC content [11] could
also derive in part from such a mutational mechanism.
Nucleotide sequences may likewise be examined for the
presence or otherwise of strand-specific (sense vs antisense)
dinucleotide asymmetries [12]. Transcription-coupled repair
(TCR) creates asymmetric patterns of base composition that can
be mined to support retrospective inferences of differential
transcription [13]. Since introns comprise about 90% of the
length of an average transcribed gene, any measurable effects of
introns on 5′-to-3′ base sequence patterns should vary with their
effects on transcription.
Here we have correlated these sequence patterns with
phylogenetic complexity and gene topology and thus sought
to clarify the nature of the evolutionary interplay between
introns, methylation, and transcription. We propose that the
observed length-dependent variations in dinucleotide/single-
683C.S. Tang et al. / Genomics 88 (2006) 682–689nucleotide polymorphism (SNP) frequency and strand asym-
metry imply intron-dependent impairments of transcriptional
and repair efficiency that drive mutation-driven evolution.
Results
Preliminary cross-species comparison of DNA histograms
based on coding sequence GC content reveals a broadening of
the coefficient of variation for Homo sapiens genes (Fig. 1A),
raising the possibility of two human gene subpopulations
evolving toward either GC gain (by negative selection) or loss
(by positive selection) [14]. A similar phylogenetic comparison
of the frequency of 5′ CpG islands (CGIs) overlapping the
transcriptional start site confirms a positive trend in higher
organisms (Fig. 1B), consistent with the developmental
importance of these regulatory regions [15].
Since CpG dinucleotide loss secondary to methylation-
dependent mutation is an established mechanism of GC content
variation [16], we next compared dinucleotide sequenceFig. 1. Phylogenetic comparison of coding region structures. (A) Distribution of G
T. rubripes, D. rerio, M. musculus, and H. sapiens. (B) Gene frequency of pro
complexity. The ordinate represents the percentage GC nucleotide content.patterns within concatenated introns of these same species
which deploy DNA methylation to differing extents (e.g.,
Caenorhabditis elegans does not methylate cytosine in double-
stranded DNA). Fig. 2 shows the 5′-to-3′ patterns of
dinucleotide content when these introns are averaged across
the genome using percentile (i.e., relative, rather than absolute)
window sizes. Comparison of the dinucleotide contents
confirms a progressive deepening of CpG suppression as
biological complexity rises from Drosophila to humans (second
row)—noting that Drosophila methylates CpT rather than CpG
dinucleotides, accounting in part for its relatively high CpG
content—consistent with increasing methylation-dependent
mutation of intronic sequences which, being untranslated, lack
functional constraints. The 5′ CpG (and, to a lesser extent, GpC)
dinucleotide peak in zebrafish—which becomes progressively
more marked in mice and humans—implies an increasing
evolutionary importance of CGIs extending beyond the first
exon. Moreover, the correlation of intronic CpG suppression
with the presence of 5′ CGIs suggests a genomic (albeitC content in coding sequences of six species: C. elegans, D. melanogaster,
moter-associated CpG islands in genomes of species of varying biological
Fig. 2. Distribution of mononucleotide (A, C, G, and T), methylation-related CpG dinucleotides (CpG, TpG, CpA, and TpA) and non-methylation-related GpC
dinucleotides (GpC, GpT, ApC, and ApT) along concatenated introns. The nucleotide content profile was generated by averaging the frequency of corresponding
nucleotides of all genes, which were calculated using a sliding window of 1% total intron length; the latter measurements are represented on the abscissa ranging from
5′ (window No. 0) to 3′ (window No. 100).
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tional repression and the degree of methylation-dependent
mutation within coding sequences. The varying interspecies
correlations between GpC and CpG contents—diverging in
trend as these do between zebrafish and mouse—reduce the
probability of confounding by a primary effect of intron GC
content, thus suggesting that methylation-dependent CpG
mutation is the cause of the observed CpG suppression.
To assess the relevance of the foregoing dinucleotide
patterns to coding sequence evolution, comparisons were then
made between the 5′-to-3′ intronic and the coding exonic
sequences. Fig. 3A (upper rows) shows that CpG suppression
below TpA levels is restricted to the coding sequences of
high-methylating organisms (zebrafish, mouse, human),
whereas the lower-methylating species retain high CpG levels
in the coding sequence. As expected, 5′ CpG enrichment is
more pronounced in the coding regions than in the introns of
the former organisms, consistent with greater CGI proximity.
On comparing TpG and CpA frequencies in introns and exons,
a clear 5′-to-3′ rise in both intronic and coding exonic CpA
content is evident from zebrafish onward, whereas no such
trend is apparent for TpG levels which remain relatively
constant across the gene—albeit still higher than CpA levels in
absolute terms throughout introns starting from fugu (Fig. 3B,
lower rows).Since mutations, polymorphisms, or methylations affecting
gene 5′ and 3′ untranslated regions (UTRs) are associated with
human disease [17–20], we next compared the pattern of
length-dependent intronic nucleotide changes with those
affecting the UTRs. This shows that the 5′ UTR CpG:TpA
ratio rises with biological complexity (Fig. 4). Strand
asymmetry originating in the 5′ UTR—where CpA levels
drop below first-intron TpG levels in mammalian species—is
more marked in the first intron due to a TpG rise and in the first
exon where CpA levels are depressed (Fig. 3B). This 5′-to-3′
reduction in strand asymmetry—which extends into the 3′
UTR—implies that shorter genes are better repaired than longer
genes and/or that 5′ gene regions are better repaired than 3′ gene
regions.
Hence, to clarify the significance of this TpG/CpA asym-
metry, human gene sequences were divided into three groups
according to total intron length. Each group was analyzed to
yield an r2 and correlation coefficient of skew with window
from 5′ end of the first intron. As illustrated in Fig. 5, mean TA
skew, GC skew, and bias factor length are better correlated with
distance from 5′ end in the long intron group (Fig. 5C; TA skew
r2 =0.900; GC skew r2 =0.924; bias factor r2 =0.951) than in the
group with medium total intron length (Fig. 5B; TA skew
r2 =0.390; GC skew r2 =0.737; bias factor r2 =0.794) and in the
short intron group (Fig. 5A; TA skew r2 =0.010; GC skew
Fig. 3. Methylation-related dinucleotide variation of individual genomic regions from first, second, internal, second last to last of both intron (solid lines, on left) and
exon (dashed lines, on right). (A) Relationship between CpG (green squares) and TpA (orange circles). (B) Relationship between TpG (blue triangles) and CpA (pink
diamonds). Intron and exon data measurements are separately indicated on the x axis.
685C.S. Tang et al. / Genomics 88 (2006) 682–689r2 =0.518; bias factor r2 =0.361). This analysis confirms that in
human genes the degree of strand asymmetry is dependent upon
absolute intron length, which is further verified by ANCOVA
(TA skew r2=0.288;GC skew r2 =0.722; bias factor r2 =0.682).
Since it is the antisense strand of DNA that is transcribed, an
asymmetric excess of TpG over CpA suggests a proofreading
effect of TCR on methylation-dependent CpG mutation [21],
supporting the possibility of a 3′ decline in transcription related
to increasing gene length.
To further explore this apparent 3′ decline of TCR, we
analyzed the distribution of ref SNPs along the total gene length
of the selected long intron group. As shown in Fig. 6A, intronic
SNP counts rise slightly from 5′ to 3′. Since introns usually
distribute nonrandomly near the 5′ end with long first or secondintron, the larger number of SNPs localizing to the 3′ end
indicates that the density of polymorphisms is higher with
increasing distance from the transcription start site. Consistent
with this intronic distribution, SNPs in coding synonymous sites
dramatically increase at the 3′ end. These data support a 3′
decline in the balance between genetic stability/repair and
functional selection constraints.
Genome data mining confirms a major increase in absolute
intron length paralleling increasing biological complexity (Fig.
7A). These species-specific rises in intron/gene length are
accompanied by commensurate increases in the ratio of TpG/
CpA mutation products to CpG (Fig. 7B, left panel), whereas no
such increase is detectable for the reverse dinucleotides (GpT,
ApC, GpC; Fig. 7B, right panel). Hence, this correlation
Fig. 4. Dinucleotide distribution frequency among 5′ and 3′ untranslated regions (UTRs) and introns of selected species. 5′ UTR, red; 3′ UTR, blue; first intron, open
(white); second intron, light gray; internal intron, gray; second last intron, dark gray; last intron, solid (black).
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dependent mutation raises the possibility of a causal relation-
ship between these variables.
To determine whether the above changes in gene base
composition are associated with evolutionarily significant
mutational changes affecting coding sequences, Ka/Ks ratios
were calculated for human genes either containing or lacking
introns and for genes either containing (CGI+) or lacking CpG
islands (CGI-). Moreover, to determine whether length-
dependent gene topology affects the evolutionary rate, the
most 3′ (fourth-quartile) coding sequence Ka/Ks was compared
with the central (interquartile) Ka/Ks. As detailed in Table 1, the
3′ to interquartile difference is significant in intron-containing
genes (CGI+: p<0.0001, CGI-: p<0.0003) but not in intronless
genes (CGI+: p=0.8496; CGI-: p=0.4962), confirming more
rapid gene evolution in the presence of introns.Fig. 5. Mean bias factor, GC skew, and TA skew along H. sapiens introns with differe
with length≥50 kb, <100 kb (n=3008); (C) Introns with length >100 kb (n=3197).
circle) are represented together with the corresponding regression line.Discussion
The central finding of this study concerns the close
correlation of intron length with 5′-to-3′ variations in intron
base composition. Since intronic sequences are not subject to
major functional (i.e., coding) constraints, such changes in
nucleotide pattern may be considered phenotypes reflecting
global gene-modifying processes such as transcription and
repair. Moreover, since cross-species variations affecting the
dinucleotides CpG, TpG, and CpA appear more significant than
those affecting GpC, GpT, and ApC, it is reasonable to invoke
methylation-dependent mutation as a contributory mechanism.
As deducible from the appearance of 5′ CpG dinucleotide
enrichment in higher organisms (Fig. 2), the evolution of
promoter CGIs during biological history has created a reversible
mechanism of gene regulation which is more flexible than thatnt length ranges. (A) Introns with length≥10 kb, <50 kb (n=8438); (B) Introns
Mean bias factor (gray diamond), GC skew (orange triangle), and TA skew (blue
Fig. 6. Distribution of SNPs along total gene length. SNP counts were based on absolute occurrences of SNPs in each window comprising 1% gene length. (A) Intronic
SNP frequency; (B) coding sequence SNP frequency.
687C.S. Tang et al. / Genomics 88 (2006) 682–689achievable using microRNAs alone [22], thereby permitting
embryonic development of more complex organisms [23]. The
concurrent ability of CpG methylation to facilitate CG→TA
mutations may be considered an evolutionary masterstroke,
juxtaposing as it does the processes of CGI-dependent
transcriptional repression and the higher CpG mutability in
coding sequences—a combination that favors positive selection
[24]. Hence, the findings of the present study support the view
that evolution toward greater complexity selects for greater
dependence on DNA methylation, which in turn promotes
evolution (mutation) via both transcriptional and structural
mechanisms.
The 5′-to-3′ variations documented here imply an addi-
tional role for introns in accelerating genetic evolution. When
considered together with the dinucleotide asymmetry and SNP
distribution, these data suggest a negative effect of introns on
3′ transcriptional efficiency and hence on TCR. A key
mystery of introns has always concerned how evolution could
favor the energetically unfavorable transcription of large
‘deserts’ of untranslatable DNA. The present study suggests
that an evolutionary advantage accrues from this otherwise
inefficient genomic feature.Fig. 7. Intron length and dinucleotide ratios of six species. (A) Plot of total intron len
methylation-related CpG dinucleotides and non-methylation-related GpC dinucleotiOur analysis is limited by several considerations. First, any
study based on retrospective phylogenetic comparisons must
necessarily remain correlative rather than mechanistic in nature,
leading to compromises in specificity and interpretation [25];
hence, our hypothesis on the mutational significance of
dinucleotide patterns remains inferential. Second, it must be
conceded that not all of the observed dinucleotide pattern
divergence may be explained simply on the basis of methyla-
tion-dependent mutation. Third, despite the 3′ coding sequence
Ka/Ks differences between intron-containing and intronless
genes, our findings thus far fall short of establishing a general or
linear relationship between gene length and evolutionary rate.
Finally, although the 5′-to-3′ variation in dinucleotide asym-
metry is indeed suggestive of reduced TCR and hence reduced
transcription, definitive proof of the role played by gene
expression must await more direct experimental analysis of
transcriptional activity.
In conclusion, the present study suggests an important
proevolutionary interaction between introns, DNA methylation,
and transcription, suggesting in turn that conservation of normal
human developmental gene regulation may require preservation
of intronic and CGI structures. Future work is needed togth of all genes. (B) Comparison between mean ratios (with standard errors) of
des.
Table 1
Mean (x¯) and median (x˜) of Ks, Ka, and Ka/Ks values in different gene regions
(fourth quartile and interquartile—i.e., 2nd and 3rd quartiles—range)
Ks Ka Ka/Ks
CGI+ 4th quartile x¯ 0.6849 0.06872 0.1273
x˜ 0.5956 0.0422 0.0682
Interquartile x¯ 0.6768 0.06118 0.1005
x˜ 0.5997 0.0394 0.0642
4th/interquartile
ratio
x¯ 1.092 3.084 18.05
x˜ 0.9876 1.0683 1.0292
p value intron containing 0.2114 <0.0001 <0.0001
intronless 0.0011 0.5936 0.8496
CGI- 4th quartile x¯ 0.7323 0.1163 0.1785
x˜ 0.6428 0.0874 0.1299
Interquartile x¯ 0.7480 0.1099 0.1650
x˜ 0.6702 0.0826 0.1217
4th/interquartile
ratio
x¯ 1.061 1.949 2.117
x˜ 0.9503 1.0299 1.0423
p value intron containing <0.0001 <0.0001 <0.0003
intronless 0.4561 0.2209 0.4962
Ka/Ks p values are shown for the Wilcoxon signed-rank test of last (4th) quartile
vs interquartile in intron-containing (n=8992) and intronless genes (n=272).
Murine gene sequences were used for reference calculations. CGI+, genes
containing CpG islands; CGI-, genes lacking CpG islands.
688 C.S. Tang et al. / Genomics 88 (2006) 682–689quantify the impact of introns on gene/protein expression, to
clarify the significance of intron number as opposed to length,
and to assess the influence if any of these intronic effects on
susceptibility to human disease.
Materials and methods
Sequence data
We retrieved the genomic sequences and annotations of six species—human
(H. sapiens), mouse (Mus musculus), zebrafish (Danio rerio), Fugu (Takifugu
rubripes), fruit fly (Drosophila melanogaster), and worm (Caenorhabitis
elegans)—from the University of California, Santa Cruz (UCSC) Table Browser
[26]. Genome assemblies of hg17, mm6, danRer2, fr1, dm2, and ce2,
respectively, were used. Sequence analyses of all species were carried out
using RefSeq genes, with the exception of Fugu for which the Ensembl gene
dataset was used.
To prevent interspersed repeats creating bias in nucleotide composition,
RepeatMask sequences were used. Genes not commencing with ATG codons, or
not terminating with canonical stop codons, were excluded to obtain the most
reliable and homogeneous set of complete coding genes. When several genes
contained identical exonic sequences, only the longest one was retained. All
introns of each gene were concatenated and then analyzed as a single sequence
on the sense strand.
Nucleotide composition analysis
For distribution analysis of mononucleotides and dinucleotides along
intronic sequences, we employed a sliding window method using window size
of 1% of the total length of each concatenated intron. To avoid stochastic
fluctuations caused by small window sizes, we selected genes characterized by
approximately the longest 10% concatenated introns (human, ≈3200 genes;
mouse, ≈1500 genes; zebrafish, ≈3000 genes; Fugu, ≈2000 genes; D.
melanogaster, ≈2000 genes, C. elegans, ≈1500 genes) from each genome.
Windows smaller than 50 bp after removal of repeated elements were excluded.
(Di)nucleotide frequency was calculated by dividing the occurrences of that
nucleotide by the number of possible mono- or dinucleotides. Mean frequencies
of adjacent windows of mononucleotides (A, C, G, and T), methylation-related
CpG dinucleotides (CpG, TpG, CpA, and TpA), and non-methylation-relatedGpC dinucleotides (GpC, GpT, ApC, and ApT) were plotted as functions of
distance from the 5′ intron terminus.
Strand asymmetry analysis
The strand asymmetry between the transcribed and the nontranscribed
strands was measured as GC skew=(G – C)/(G+C), TA skew = (T – A)/(T+
A), and bias factor= (T – A+G – C)/(T+A+G+C) [27]. Skews of human
introns grouped by total intron length of ≥10 and <50 kb (n=8438), ≥50 and
<100 kb (n=3008), and ≥100 kb (n=3197) were averaged and plotted as
functions of distance from 5′ intron extremity. Statistical analyses on the
relationship between the distance from 5′ end of intron and the skew values were
performed by linear regression and Pearson correlation.
Distribution of single-nucleotide polymorphisms within gene length
We downloaded human reference SNP data from NCBI dbSNP Build 125
(ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/XML) in XML form. The
XML file was parsed to extract annotation data of the selected genes including
alleles chromosomal location, and associating mRNA refSeq accessions.
Biallelic noninsertion/deletion refSNPs with unique hits to genomic loci were
selected and their intragenic positions (e.g., intronic, coding synonymous)
verified against the annotation from the UCSC Table Browser [26]. We then
classified the consistent refSNPs into 100 windows according to their relative
physical distances from the start of the 5′ UTR of associated mRNA sequences.
Counts of refSNPs were plotted against each window of 1% total gene length to
visualize the relative distribution of polymorphisms.
Evolutionary rate calculation
Orthologous gene pairs between human and mouse were obtained from
NCBI HomoloGene database (ftp://ftp.ncbi.nih.gov/pub/HomoloGene/). Corre-
sponding coding regions were downloaded from NCBI, and nucleotide
sequences were translated into protein for subsequent alignment with ClustalW
using default parameters. Aligned sequences were then subdivided into quartiles
to assess intragenic evolutionary rate as a function of gene length; subsequences
with more than 20% gaps, or less than 60 bp in length, were excluded. cDNA
alignment was made based on corresponding protein alignment using BioPerl
module.
The phylogenetic approach of Goldman and Yang [28] was then used to
calculate the synonymous (Ks) and nonsynonymous (Ka) substitution rates
between pairwise alignments. Maximum likelihood analysis of protein-coding
cDNA sequences using codon substitution models was performed using the
CODEML (runmode=-2 for pairwise analysis, seqtype=1) PAML program
(http://abacus.gene.ucl.ac.uk/software/paml.html). Results were obtained using
model F3x4 which utilizes nucleotide frequencies at the third codon position to
compute expected codon frequencies. Transition/transversion bias (κ) was used
as a free parameter. Genes with Ka>1.5 and Ks>3 in any quartile were
discarded due to high estimation error.Acknowledgment
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